Abstract
Introduction

1
Mammalian cysteine dioxygenase (CDO) is a non-heme iron protein that in its ferrous 2 form (Fe(II)-CDO) catalyzes the conversion of cysteine (Cys) to cysteine sulfinic acid by 3 incorporating both oxygen atoms of molecular oxygen to form the product (recently reviewed by 4 Stipanuk et al 1 ). The product from this first committed step in cysteine catabolism is then further 5 catabolized to either taurine or pyruvate and sulfate. CDO expression is up-regulated in response 6 to high cysteine levels, 2; 3; 4 which if not abated can be toxic. 5; 6 In general, tight regulation of 7 CDO plays a key role in intracellular sulfur homeostasis. 3 Links between loss-of-function 8 mutations in CDO and rheumatoid arthritis and some neurodegenerative disorders have been 9 hypothesized based on observations of high cysteine and low sulfate levels. 5; 7; 8 In the CDO −/− 10 mouse, taurine levels, but not sulfate levels, are low and metabolism of cysteine through 11 alternative desulfhydration pathways is markedly elevated, giving rise to evidence of H 2 S 12 toxicity. 6 CDO −/− mice exhibit a growth deficit, high postnatal mortality, joint hyperlaxity,
13
connective tissue abnormalities including enlarged alveolar air spaces and abnormal organization 14 of elastic fibers in the vasculature and parenchyma of lungs, and fatty acid oxidation defects. 6 
15
Recently, CDO has been implicated as a novel tumor suppressor as decreased expression of 16 CDO due to promoter methylation was seen in multiple tumor tissues, and the forced expression 17 of CDO in cancer cells slowed their growth. 9 
18
Initial structural studies of recombinant rat CDO (92% identical to human CDO) showed
19
it to have a cupin fold, with one structure revealing an unusual tetrahedral iron coordination 20 involving three His residues and a water as ligands 10 and the other structure apparently 21 containing nickel in place of the iron. 11 Both structures also revealed an unexpected thioether 22 linkage between the Cys93 and Tyr157 side chains, 10; 11 which was later confirmed. 4; 12 This 23 4 crosslink, not present in CDO from prokaryotes, 1; 13 is formed during enzyme turnover and is 1 reported to occur in cells 4 and to increase catalytic efficiency 10-fold 4 or even more, 14 although 2 its impact on activity and physiological relevance has been recently questioned. 15 In the 3 unliganded enzyme, the Tyr157 hydroxyl forms a hydrogen bond with the iron-bound water and 4 is part of a Ser153-His155-Tyr157 catalytic triad. 10 A Tyr157Phe mutation leads to about a 50-5 fold loss in activity, consistent with the importance of this residue. 4; 16 cysteine. 17 In the persulfenate complex, Tyr157 was centrally located in close contact with both 10 persulfenate oxygens, where it could serve as a catalytic acid/base (Fig. 1a) .
11
Taking the structural information together with the results of spectroscopic studies 
Results and Discussion
10
Selecting the high resolution limits
11
This study encompasses nine structures in the main pH series of Cys soaks and four 12 structures designed to provide specific additional insight. For these structures, the data quality
13
and refinement statistics are given in Tables 1 and 2 and they showed that improved models were obtained using data out to CC 1/2 between 0.1 and 19 0.2 even though the merging R-factors become very high. In order to create the best models for 20 the structures in this study, we used such a CC 1/2 -based cutoff throughout. As one additional test 21 case, paired-refinements were done here for the pH=7.0 structure. As the resolution was 22 extended, R free stayed the same, but the gap between R work and R free decreased, indicating that the 23 7 model was less over-fit when refinements included the weak high-resolution data (Table 3) .
1
Electron density maps also improved at the extended resolutions (e.g. Fig. 2 ). CDO at acidic pHs. 19 In the latter study, the decreased binding was attributed to protonation of 3 the Cys -amino and/or thiol group, and we agree that this is a reasonable assignment. The bound Cys has additional slight shifts as the N-and S-coordination geometries adjust due to 14 The natural conclusion would be that deprotonation of an active site residue, such as 15 Tyr157, is responsible for the lack of oxygen binding and persulfenate formation at pH=8 and 9. Figure 2) . 4 We conclude that even if any iron oxidation occurred, it is minimal and it is not the cause 5 of the lack of persulfenate. Given that Cys soaks yielded a different complex at pH=8 and 9 6 compared to pH=7, we also investigated if the coordination geometry of the unliganded active 7 site changed at these pHs. The unliganded structure at pH=8.0 revealed a 5-coordinate iron with Cys α-amino group in the complex (Fig 7c) . by Leu95-Cδ1, C93-Sγ, His140-Cε1, Y157-OH and His155-Cε1.
19
Regarding possible temperature-dependent changes, the unliganded RT structure at 2.15 20 Å resolution (Table 1) has several side chains with increased disorder as expected, 42; 43 but the Fe 21 coordination is essentially unchanged (Fig. 8b) . The most notable conformational change 22 involves the active site residue Arg60 (and the nearby Met179) which mostly shifts to an 23 alternate position (pointing toward the iron) that was weakly occupied in the low pH soaks (Fig 5   1 a-c) and fully occupied in the structure with Cys164 modified by disulfide formation with Cys 2 (see Fig. 9c,d ). 10;12 The RT Cys soak was not informative, because due to the long data collection 3 time (days), it yielded a structure that had a perturbed active site because of disulfide formation 4 at Cys164 (data not shown). (Fig. 9b) . Upon further inspection, we noticed that the positions 18 of Arg60 and Met79 (which also differs from our Cys-only structure) match those that were modification of Cys164 that they left uninterpreted.
22
Given these observations, we explored if the active site electron density from the 2IC1 1 data might be better explained by a modification of Cys164 rather than the binding of Cys as a 2
substrate. An inspection of the electron density maps for entry 2IC1 shows that while the density 3 for the modeled Arg60 and Met179 positions is strong, the density for the modeled Cys is quite 4 weak for the Cα, Cβ, and N-atoms (Fig. 9b) . Also notable, is that the strong density into which 5 the Cys Sγ-atom is modeled should not be taken as evidence for Cys-binding, because it sits at 6 the same position that is occupied by the coordinating water of unliganded CDO. Furthermore, 7 the maximal density of the iron peak indicates that the iron should be slightly shifted toward the 8 Sγ-atom, which would make that already too short coordination distance even shorter. These 9 observations support the conclusion that the electron density the Sγ-atom has been built into is 10 actually due to the coordinating water present in unliganded CDO rather than a sulfur atom.
11
At the same time, the electron density is remarkably similar to that of the Cys164 12 modified enzyme of Simmons et al. 10 when those data are truncated to 2.7 Å (Fig 9c versus d) .
13
This similarity shows that all of the active site features of the 2IC1 structure can be explained by 14 rearranged side chains and water molecules associated with Cys164 modification. Based on these 15 observations, we conclude that 2IC1 is not a Cys complex.
17
Implications for understanding the mechanism of CDO
18
We undertook these studies to better understand the mechanism of CDO and related do not have here), we are not able to infer what groups are becoming protonated/deprotonated.
11
As mentioned above, we postulate that the group with an apparent pKa near 5.5 is the Fe-bound
12
Cys -amino and/or thiol group, and that the group becoming deprotonated near pH=7.5 is the 13 coordinating water in the unliganded complex and is Tyr157-OH in the Cys-bound complex. of Tyr157 is that the residue is conserved in all CDO sequences 13 and is sitting in much the same 13 position even in a bacterial CDO structure having <20% sequence identity with rat CDO (PDB 14 entry 2GM6). Since catalytic proficiency can depend exquisitely on the precise placement of 15 active site residues, it will be of interest for some calculations to be guided more closely by the 16 positions of the protein side chains seen here and in other reliable CDO structures.
17
As we see it, despite ambiguity about the protonation state of the persulfenate/persulfenic 18 complex and uncertainty as to its relevance to the catalytic mechanism, the ability of the CDO 19 active site to make and stabilize it proves that its formation is energetically accessible in the 20 CDO active site. That an intrinsically less-stable molecule like the persulfenate rather than 21 substrate or product would be stably trapped in the active site of the crystalline enzyme can be 22 explained in that the on-enzyme equilibrium between substrate, various on and off-pathway 23 intermediates, and product can be highly perturbed from that which would occur in solution.
1 Also important to note is that these equilibria would also be temperature-dependent, so that the 2 dominant form present in the active site may be influenced by the freezing process. Crystal soaks and data collection
11
Soaks were done at room temperature using the reservoir condition as an artificial mother 12 liquor (AML). For cryo-crystallographic data collection, crystals were flash frozen by plunging 13 into liquid nitrogen. For room temperature data collection, crystals were soaked as described and 14 then scooped using a MicroRT™ capillary system (Mitegen).
15
For an initial pH series, crystals were incubated for 1 h in solutions with 100 mM 16 cysteine added to AML that had its pH adjusted to 4.5, 5.5, 6.5, 7.5, 8.5 or 9.5 . After data were 17 collected, we discovered that the added Cys had altered the pH; by recreating the solutions, we Synchrotron Light Source (Brookhaven National Laboratory). In-house diffraction data were 10 collected on a Rigaku RU-H3R rotating Cu-anode operating at 50 kV and 100 mA and an R-Axis
11
IV image plate detector. Data were processed and scaled using iMosflm 47 and SCALA. 48 For all 12 refinements, the same 10% of the data as used previously 17 were flagged for use in R free . Also, a 13 random 10% of reflections beyond the previous 1.42 Å resolution limit were flagged for R free 14 calculations. Data statistics are in Tables 1 and 2. 15
16
Crystallographic refinement 17 The unit cell constants for individual crystals were mostly within the ranges a=b=57.6-18 58.2 Å and c=121.7-122.9 Å, and these refinements all used a=b=57.60 Å and c=122.40 Å.
19
Refinements were done using PHENIX 49 and for each dataset were initiated using an automated The first stage of refinement specified isotropic B-factors, riding hydrogens, automatic 8 water adding, and rotamer fitting. This result was then further refined using anisotropic B- defining the entire chain. After these automated stages, the refinements were completed using 12 manual rebuilding in Coot 51 and PHENIX-refine minimization. Some water sites were removed 13 and others were added using standard criteria (>1 ρ rms intensity in the 2F o −F c map, >2.4 Å 14 distance from nearest contact), and all difference map peaks above 5*ρ rms were checked.
15
Molprobity 52 was used to find problems with model geometry in these final rounds. Refinement 16 statistics are in Tables 1 and 2 .
17
Estimates of coordinate uncertainties for individual atoms were calculated using the The key distinction between the two types of mechanisms being considered for CDO is shown. 
11
The estimated occupancies of His20 alternate conformations are 100%/0% at pH=9.0, 80%/20% 12 at pH=7.0, and a 50%/50% at pH=5.5. Assuming a protonated His20 adopts a 50/50 mix of 13 conformations, the occupancies of the two turn conformations imply that His20 would be ~0,
14
~60 and ~100% deprotonated at pH=5.5, 7.0 and 9.0, respectively. Also at pH≤4.5 (not shown)
15
His20 adopts a single conformation, a change we attribute to a protonation of the Asp64 16 carboxylate, which H-bonds to His20-Nε 2 in all structures. Arg that interact with it. A. A. B.
38
D.
